؉ transport was blocked by UO126, whereas the stimulatory response of Ang II/III was potentiated by UO126 but blocked by bisindolylmaleimide. These data suggest that the inhibitory effect of BK on Na ؉ transport seems to be directly mediated by an increase in Ca 2؉ influx dependent on MAPK/ERK pathway activation. In contrast, the stimulatory effect of Ang II/III on Na ؉ transport is more complex and involves PKC and MAPK/ERK pathways.
T HE CORTICAL THICK ascending limb (CTAL) contains
only one morphological cell type but is the target site of multiple hormonal controls (1) . This segment expresses two key G protein-coupled receptors (GPCR): angiotensin (Ang) II)/Ang III receptor type 1 A (AT 1A -R) and bradykinin (BK) receptor type 2 (B 2 -R) (2, 3) . These two receptors are involved in similar transduction pathways in this segment but differ markedly in the physiological actions they mediate. Ang II induces vascular contractility, increases blood pressure, and takes part in the renal control of Na ϩ and water balance via AT 1 -R. In contrast, BK, via B 2 -R, is an endogenous antagonist of Ang II, inducing renal vasodilatation, diuresis, and natriuresis.
The activation of AT 1A -R by Ang II/III and of B 2 -R by BK results in the activation of phospholipase C (PLC), followed by a transient increase in inositol 1,4,5-triphosphate production, which induces an increase in intracellular calcium concentration ([Ca 2ϩ ] i ) and the concomitant production of diacylglycerol. Diacylglycerol then acts as a second messenger, activating protein kinase C (PKC), which has also an important role in signal transduction pathways (4) . In addition to activating the classic PLC-mediated signaling pathways commonly associated with them, Ang II and BK also stimulate pathways dependent on tyrosine kinase (TK) and MAPK in various cell types, including mesangial (5) and endothelial (6) cells. However, little is known about these intracellular transduction events occurring in CTAL cells after activation by Ang II/III or BK.
In the absence of well-documented data, it was classically thought that occupation of either AT 1A -R or B 2 -R in the thick ascending limb led to activation of the PLC␤1 isoform. However, studies have shown that multiple PLC isoforms are present in the thick ascending limb, with the ␤1 and ␥1 isoforms particularly prevalent (7, 8) . These data suggest that PLC signaling events in the CTAL induced by Ang II/III and BK may involve both G protein-coupled PLC␤ isoform activation and tyrosine phosphorylation of the PLC␥ isoform. Indeed, in several cell types (e.g. epithelial, mesangial, and vascular smooth muscle cells), Ang II has been shown to stimulate rapid protein tyrosine phosphorylation (9 -11) . Similarly, in vascular endothelial cells, the stimulation of inositol 1,4,5-triphosphate production and calcium signaling by BK is dependent on tyrosine phosphorylation (12) .
It has been suggested that MAPK cascades have an important role in the regulation of renal function in all rat nephron segments (13) . Naidu et al. (14) showed that in vascular smooth muscle cells, both Ang II and BK significantly increase MAPK phosphorylation. In vascular smooth muscle cells from spontaneously hypertensive rats, Ang IIstimulated [Ca 2ϩ ] i responses are significantly reduced by the selective MAPK kinase (MEK) inhibitor PD98059 (15) .
Although AT 1A -R and B 2 -R are thought to share signaling pathways, the physiological roles of Ang II and BK are often reversed. Recent data show that balance between the kallikrein-kinin and renin-angiotensin systems is essential for normal renal function. Indeed, in low-kallikrein rats, activity of Ang II appears to be responsible for increased glomerular hydrostatic pressure and augmented tubular reabsorption (16) . More accurately, in the medullary thick ascending limb of the loop of Henle, high Ang II concentrations stimulated the Na ϩ -K ϩ -2Cl Ϫ cotransport activity (17) whereas in this same segment, the B 2 -R mediated inhibition of NaCl reabsorption (18) . The search for putative differences in intracellular signaling events mediated by AT 1A -R and B 2 -R in the CTAL, which could be responsible for the opposite biological responses of Ang II and BK, was still not undertaken. In an attempt to answer to this question, we have evaluated the action of Ang II and BK on Na ϩ transport in freshly microdissected CTAL, as estimated by measuring metabolic CO 2 production and explored the respective roles of PKC, TK, and MAPK/ERK in Ang II/III-and BK-induced [Ca 2ϩ ] i responses.
Materials and Methods Animals
All procedures involving animals were carried out in accordance with institutional guidelines for the care and use of laboratory animals. Male Sprague-Dawley rats weighing 130 -180 g were used. They were fed a normal standard diet and offered water ad libitum.
Microdissection of nephron segments
Rats were anesthetized by ip injection of pentobarbital. The left kidney was prepared for nephron microdissection by infusion of basal medium supplemented with 0.3% collagenase (Serva, Heidelberg, Germany), via a catheter inserted in the aorta just below the left renal artery, as previously described (19) . The kidney was then removed and sliced along the corticomedullary axis. Small pyramids were cut and incubated in 0.1% collagenase in basal medium through which filtered air was bubbled, at 30 C for 15 min. Single pieces of CTAL and proximal convoluted tubule (PCT) were isolated under stereomicroscopic observation.
Measurements of [Ca 2ϩ ] i
[Ca 2ϩ ] i was measured as previously described (20) . CTAL was transferred onto a thin glass coverslip in 1 l basal medium containing 2 mmol/liter CaCl 2 (2 Ca 2ϩ ) and 1% agarose (type IX). CTAL were loaded with 5 mol/liter fura-2AM at room temperature for 60 min. For fluorescence measurements, each CTAL was continuously superfused at 37 C with either basal medium or the solutions to be tested. 
Western blotting
Microdissected PCT (20 mm) and CTAL (10-or 20-mm) segments were solubilized in sample buffer 2ϫ [300 mm Tris-HCl (pH 6.8), 10% SDS, 13% glycerol, 20 mg/liter dithiothreitol, and bromophenol blue). Proteins were resolved by 10% SDS-PAGE. ERK protein and phosphorylated ERK were detected, with an anti-p44/42 MAPK rabbit antibody and with an anti-phospho-p44/42 MAPK rabbit antibody, respectively (Cell Signaling, Beverly, MA). ␣-Tubulin was detected with an anti-␣-tubulin mouse antibody (Sigma-Aldrich, St. Louis, MO). The immune complex was detected with an antimouse antibody coupled to horseradish peroxidase by enhanced chemiluminescence (Amersham, Piscataway, NJ). Densitometric analysis of p42 ERK phosphorylation and ␣-tubulin blots was performed with Image J (NIH software). The values were expressed in arbitrary units.
Measurement of metabolic CO 2 production by CTAL
We measured the rate of metabolic CO 2 production from a uniformly 14 C-labeled substrate by CTAL as previously described (19) . Briefly, CTAL was transferred with 0.5 l incubation buffer onto a small disc of dry BSA coating the hollow of a glass slide. The samples were then sealed with a glass coverslip, photographed, and kept at 4 C. Incubation was initiated by adding another 0.5 l incubation buffer containing [U 14 C]lactate and the MEK inhibitor UO126 or BIM when necessary. The samples were sealed with a glass coverslip containing a 2-l droplet of KOH and incubated for 60 min at 37 C. Finally, the KOH droplet containing the metabolic 14 CO 2 trapped was transferred to a counting vial. The results are expressed as femtomoles CO 2 formed per millimeter of tubule per minute of incubation.
Statistical analysis
All the results are mean values of replicate samples Ϯ sem. Statistical differences were assessed using Student's t test for unpaired data. (Fig. 1A) . The effect of BK was totally abolished by HOE-140, a specific B 2 -R antagonist (22) (Fig. 1B) . This abolition of the calcium response was not a result of a loss of cell viability, because the subsequent application of Ang III induced normal [Ca 2ϩ ] i responses (202 Ϯ 26 nmol/liter). BK had a dose-dependent effect on calcium mobilization (Fig. 1C) 
Results

Characterization
Effects of store-operated channel (SOC) blocker SKF96365
In the absence of involvement of L-type Ca 2ϩ channel mediated by either Ang II/III or BK in CTAL, we have used influx differently by performing additional experiments in the absence of extracellular calcium (Fig. 6 ). PD98059 inhibited intracellular Ca 2ϩ release (Fig. 6A ) to a similar extent for all the peptides considered (Ang II, 56 Ϯ 6%; Ang III, 48 Ϯ 9%; and BK, 44 Ϯ 5%), whereas it clearly affected the Ca 2ϩ influx (Fig. 6B ) induced by BK (85 Ϯ 2%, P Ͻ 0.01) to a greater extent than that induced by Ang II (30 Ϯ 8%, not significant) and Ang III (27 Ϯ 9%, not significant). To ensure the differences observed between Ca 2ϩ responses induced by Ang II/III and BK after MAPK inhibition, the effects of another specific MEK inhibitor, UO126 (27) , were evaluated at various concentrations. Whatever the concentrations of UO126 used (10 -50 mol/liter), this inhibitor did not affect basal calcium levels (not shown). As described for PD98059, inhibitions of integrals of the Ca 2ϩ signals in the presence of external calcium by 20 mol/liter UO126 were more marked for BK, 68 Ϯ 7% (Fig. 7B) , than for Ang II, 39 Ϯ 6% (Fig. 7A) Then, we investigated whether ERK1 and ERK2 were present in the CTAL by Western blotting with an anti-p44/42 ERK antibody and an anti-phospho-p44/42 ERK antibody. PCT were used as controls because ERK1 and ERK2 have been shown to be present in this segment (28) . In both CTAL and PCT (20 mm of tubular length), we obtained two specific bands at 44 and 42 kDa, corresponding to ERK1 and ERK2, respectively, with the strongest expression in the PCT compared with the CTAL (Fig. 8A) . Interestingly, the basal levels of phosphorylated p44/42 ERK were higher in CTAL than in PCT (Fig. 8A) . To investigate the effects of UO126, Ang II, and BK on the phosphorylation status of ERK, 10 mm of CTAL were microdissected and treated with 20 mol/liter UO126 and 10 Ϫ7 mol/liter Ang II and BK, and phosphorylated ERK were analyzed by Western blot. Basal phosphorylation of p44/42 ERK is completely blocked in the presence of UO126 (Fig. 8B) . Because of the presence of a high phosphorylated p44/42 ERK steady-state level in CTAL, only a moderate additional increase (as corrected by ␣-tubulin) in the phosphorylation of p42 ERK (Fig. 8C) (Table 3 ). The application of these two inhibitors together had an effect of a similar magnitude to that caused by herbimycin A alone.
Furthermore, we investigated the sequence of signaling events involving TK, MAPK/ERK, and PKC by studying the effects of herbimycin A or PD98059 in the presence of BIM. 
Effect of Ang II and BK on metabolic CO 2 production
We previously showed that oxidative metabolism in the CTAL was largely coupled to active Na ϩ transport because it is inhibited by over 50% with either the Na ϩ -K ϩ -ATPase inhibitor ouabain or the Na ϩ -K ϩ -2Cl Ϫ cotransport inhibitor furosemide (29) . We investigated the effects of Ang II and BK on Na ϩ transport by measuring metabolic CO 2 production from [U 14 C]lactate in the presence of these two agonists and also in the presence of the MEK inhibitor UO126. A concentration of 10 Ϫ7 mol/liter Ang II and BK clearly had opposite effects on Na ϩ transport, with Ang II significantly increasing metabolic CO 2 production and BK inhibiting it (Fig. 10A) . A similar increase of the metabolic CO 2 production was found with 10 Ϫ7 mol/liter Ang III (data not shown). To examine whether differences observed in intracellular signaling events and opposite physiological effects induced by Ang II and BK were linked, we tested the effects of the MEK inhibitor UO126 on metabolic CO 2 production. Figure 10A showed that 20 mol/liter UO126 used alone did not change the basal metabolic CO 2 production. However, UO126 potentiated metabolic CO 2 production elicited by Ang II, whereas it abolished the inhibitory effect of BK on CO 2 production. We then evaluated the effect of 1 mol/liter BIM on the metabolic CO 2 production induced by Ang II. Figure 10B shows that CO 2 production was unaffected by BIM alone, whereas the increase in CO 2 production induced by Ang II was suppressed in the presence of BIM.
Discussion
As previously described for the medullary thick ascending limb of rat (17, 18) and by us in this work, Ang II increases Na ϩ transport, whereas BK inhibits it. This major difference in the physiological actions of the two peptides in the CTAL led us to look for similarities and differences in their signal transduction pathways.
In CTAL, BK was found to elicit [Ca 2ϩ ] i increases with pharmacological characteristics similar to those for Ang II and Ang III. The maximal calcium response was obtained at
10
Ϫ7 mol/liter BK, and the half-maximal response was observed at a concentration of 10 Ϫ8 mol/liter (2, 23) . BK acts via the B 2 -R and Ang II/III via the AT 1A -R (2). However, one interesting finding is that the peak responses induced by BK were greater than those observed with Ang II or Ang III but that the amplitude of Ca 2ϩ release from intracellular stores and Ca 2ϩ entry were of the same order of magnitude for the three peptides. In addition, additivity experiments performed in the presence or absence of external calcium clearly showed that Ang II/III and BK released Ca 2ϩ from the same intracellular pools but activated different Ca 2ϩ entry pathways. Taken together, such differences in intracellular calcium kinetics and in activation of Ca 2ϩ entry could contribute to different physiological effects. To determine the nature of the channels involved or at least to identify some different properties of these channels and to relate them to their different physiological effects, we have used the L-type Ca 2ϩ channel (voltage-operated channel) blocker nifedipine and the most commonly used inhibitor of SOC, SKF96365, also reported as an inhibitor of receptor-operated channel (ROC) (30) . The best-characterized Ca 2ϩ entry pathway uses voltage-operated calcium channels, particularly the L-type Ca 2ϩ channels. In CTAL, we have shown that Ca 2ϩ influx through Ca 2ϩ entry pathways mediated by either Ang or BK was insensitive to L-type Ca 2ϩ channel blocker nifedipine but completely blocked by the SOC inhibitor SKF96365. However, in different cell types are present several types of calcium-permeable channels that are not voltage dependent, including ROC, activated by agonists acting on a range of GPCR, and SOC, activated after depletion of intracellular Ca 2ϩ stores. Recently, McFadzean and Gibson (31) in smooth muscle cells presented evidence that ROC and SOC may in fact be members of the same ion channel family, differing only in their composition of transient receptor potential channel protein subunits. In our study, data obtained with SKF96365 did not allow us to precisely determine the ROCor SOC-type channels involved in the Ca 2ϩ influx induced by Ang II/III and BK in CTAL.
We then compared the intracellular signaling events stimulated by Ang II/III and BK in the CTAL by investigating whether PKC, TK, and MAPK/ERK were differentially activated by these hormones. Potentiation of the [Ca 2ϩ ] i responses to Ang II/III and BK by the PKC inhibitor suggest that both peptides activated PKC and that this activation was probably a result of the inhibition of short-term PKC-mediated desensitization (3). These observations are consistent with data from previous studies showing the presence of phosphorylation sites for PKC on AT 1 -R and B 2 -R sequences (32) (33) (34) . No difference in the PKC activation on [Ca 2ϩ ] i responses induced by Ang II/III or BK was observed. Dixon et al. (35) indicated that in arterial smooth muscle cells, both Ang II and BK activated PKC, as shown by phosphorylation of the endogenous PKC substrate. However, despite similar patterns of phosphorylation, only Ang II induced a significant increase in membrane-bound PKC activity, suggesting that Ang II and BK activated different isoforms of PKC. This hypothesis was supported by data showing that both PKC␣ and PKC␤I were present in the luminal membrane of the cortical and medullary thick ascending limb (36) .
Recent studies have implicated GPCR in coupling to PLC␥ (37) . Indeed, it has been shown that PLC␥ is involved in Ca 2ϩ signaling in response to the stimulation of receptors classically defined as receptors activating PLC␤. Such coupling may be mediated by nonreceptor TK activation (11, 38) . We therefore investigated whether TK in the CTAL were involved in the [Ca 2ϩ ] i responses induced by activation of AT 1A -R and B 2 -R, both of which lack intrinsic TK activity, by using the protein TK inhibitor herbimycin A. The [Ca 2ϩ ] i increases induced by Ang II/III and BK were partially inhibited by herbimycin A and PP2, a more selective Src TK inhibitor, indicating that both PLC␤ and PLC␥ were involved in these [Ca 2ϩ ] i responses. After herbimycin A treatment in the presence or absence of external calcium, we observed differences between the actions of Ang II/III and BK. TK displayed similar levels of involvement in the mobilization of intracellular calcium and Ca 2ϩ influx induced by Ang II/III. In contrast, they were primarily involved in the Ca bryonic lines derived from wild-type and Src Ϫ/Ϫ transgenic mice, the level of Ca 2ϩ influx after store depletion by BK has been reported to be much lower in Src Ϫ/Ϫ than in wild-type fibroblasts (40) .
These findings indicate that nonreceptor TK, by activating PLC␥ isoforms, have a role in both the intracellular Ca 2ϩ release and Ca 2ϩ influx induced by Ang II/III and BK. As recently demonstrated (41) , the action of PLC␥ in the agonistinduced activation of Ca 2ϩ entry appears to be independent of the lipase activity of these enzymes and is consistent with a conformational role of PLC␥ regulating Ca 2ϩ entry. In the literature, there is abundant evidence for the involvement of EGFR transactivation in GPCR, not only in Ang II-but also in BK-mediated ERK activation (42) (43) (44) The GPCR regulation of MAPK activity depends on the nature of the G protein, the receptor, and the cell type considered (46 (41) . This is also consistent with differential regulation of Ca 2ϩ entry depending on whether it is induced by BK or Ang II/ III.
In agreement with the involvement of the MAPK/ERK pathway in the Ang II/III-and BK-induced [Ca 2ϩ ] i responses in CTAL, we found a high basal phosphorylation of p44/42 ERK in rat CTAL by comparison with PCT as recently shown by Michlig et al. (48) in cortical collecting duct of the mouse kidney. UO126 totally abolished basal phosphorylation of p44/42 ERK, demonstrating in our preparation the specificity of action of this compound to block the MAPK/ERK pathway. In addition, we found a moderate stimulation of phosphorylation of p42 ERK elicited by Ang II and BK.
By combining both inhibitors (herbymicin A and PD98059), we demonstrated that the activations of TK and MAPK/ERK induced by Ang II/III or BK were linked and that the MAPK/ERK signaling pathway included upstream TK. This interdependence of these two signaling pathways in relation to calcium signaling is also well documented in human endothelial cells for BK (47) and in human resistance arteries for Ang II (49) .
We then studied the PKC dependence of these signaling events. PKC did not seem to be necessary for activation of the TK pathway and appeared to act downstream from TK for Ang II/III (50) and BK. In contrast, activation of the MAPK/ ERK pathway was found to be PKC dependent for Ang II/III and BK, indicating that PKC acts upstream from MAPK/ ERK. However, conflicting data have been published, for example, in vascular smooth muscle cells, Ang II was shown to activate MAPK via a PKC-independent pathway (51), whereas BK stimulated MAPK activation via a PKC-dependent mechanism (52) . Consistent with our results, Ang II stimulates MAPK activation via PKC in bovine adrenal glomerulosa cells (53) .
To investigate whether differences observed in intracellular signaling events and opposite physiological effects induced by Ang II and BK were linked, we first tested the effect of UO126 on the metabolic CO 2 production elicited by BK. We found that whereas UO126 applied alone did not change basal metabolic CO 2 production, it completely blocked the inhibitory action of BK on CO 2 production, similar to its inhibitory action on BK-induced Ca 2ϩ influx. This suggests that the inhibition of Na ϩ transport by BK could be a consequence of the increase in Ca 2ϩ influx induced by BK via a stimulation of the MAPK/ERK pathway. Then, we evaluated the effects of UO126 and BIM on Ang II-induced metabolic CO 2 production. We found that in contrast to BK, the increase b Statistically different from theoretical additivity (sum of inhibitions separately induced by herbimycin A and PD98059 alone). P Ͻ 0.01 (one-way ANOVA on weighted means followed by Fisher's test). of the metabolic CO 2 production induced by Ang II was potentiated by UO126 and, in addition, inhibited by BIM. These data suggest that Ang II stimulated Na ϩ transport in large part via an increase in Ca 2ϩ release mediated by PKC as found by Amlal et al. (17) in the rat medullary thick ascending limb (MTAL). But on the other hand, direct stimulation of MAPK/ERK pathway by Ang II in CTAL could also inhibit Na ϩ transport as shown by Watts and Good (54), who identified an inhibitory action of ERK on Na ϩ /H ϩ exchange activity in MTAL. However, the net effect of Ang II in CTAL, by activating PKC-and MAPK/ERK-dependent pathways, would be to stimulate Na ϩ transport. Thus, the PKC-dependent pathway would exert a dominant effect on the final biological action of Ang II.
Additional events may influence the biological effects of these two peptides, and two hypotheses can be considered. First, because the CTAL contains both AT 1A -R and B 2 -R, heterodimerization of these two receptors may occur, as demonstrated by AbdAlla et al. (55) signaling is the ability, in the same cell, to regulate entirely different processes. For instance, in pancreatic acinar cells, Ca 2ϩ signals not only control the normal secretion of digestive enzymes but can also activate autodigestion and programmed cell death (58) . Not all stimuli that increase Ca 2ϩ elicit the same physiological response, implying differences in their [Ca 2ϩ ] i handling (59) . In our study, because Ang II/III and BK activate different Ca 2ϩ entry pathways that are differentially regulated, we could speculate that calcium does not diffuse homogeneously in the cytosol, and according to the localization of activated channels, calcium could be confined in well determined cell areas under apical or basolateral membranes (60, 61) . Such different spatial distribution of calcium could induce different biological responses in CTAL cells.
In conclusion, in CTAL, our data show that Ang II/III and BK increase [Ca 2ϩ ] i by releasing calcium from the same intracellular pools and by activating different calcium entry pathways. The increases in [Ca 2ϩ ] i depended partly on TK and MAPK/ERK pathways. However, the MAPK/ERK pathway strongly influences Ca 2ϩ influx induced by BK and, to a lesser extent, Ca 2ϩ influx induced by Ang II/III. Ang II/III and BK have opposite actions on Na ϩ transport. The inhibitory effect of BK on Na ϩ transport seems to be directly mediated by an increase in Ca 2ϩ influx dependent on MAPK/ERK pathway activation. In contrast, the stimulatory effect of Ang II/III on Na ϩ transport is more complex and involves both PKC and MAPK/ERK pathways. Taken together, our study brings new insights for the understanding of the opposite biological effects mediated by AT 1A -R and B 2 -R in rat CTAL.
